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Introduction
Coronal mass ejections (CMEs) launch plasma clouds from the solar atmosphere into interplanetary space which are now referred to as interplanetary coronal mass ejections (ICMEs). ICMEs are identified by several characteristic features in the interplanetary medium, as reviewed by Gosling (1990) and Neugebauer and Goldstein (1997) . Solar wind signatures of ICMEs include the increase of He ++ (Hirshberg et al., 1972; Borrini et al., 1982) , the abnormally low proton temperature (Gosling et al., 1973; Richardson and Cane, 1995) , the bidirectional electron heat flow (Gosling et al., 1987) , and the magnetic cloud (Burlaga et al., 1981; Marubashi, 2000; Lepping et al., 2006) , though the regions of these ICME signatures do not necessarily coincide with each other.
An interplanetary magnetic cloud (MC) can occupy the whole body of an ICME or a significant part of it. The global configurations of MCs in interplanetary space and their internal magnetic structures provide important information about the connection between ICMEs and their causative CMEs, which is crucial for developing models for the generation mechanism of CMEs. MCs are also important to magnetosphere dynamics, because they usually carry strong southward magnetic fields (Zhao et al., 2001 ) that strongly drive geomagnetic activity (e.g. Dungey, 1961; Tsurutani and Gonzalez, 1997 , and references therein).
Published by Copernicus Publications on behalf of the European Geosciences Union. Provided that the spacecraft traverses the MC from point I through point E, the vector from C 1 to C 2 is taken as the equivalent local direction of the MC axis, where C 1 and C 2 are the centers of two cross-sectional circles passing through points I and E, respectively.
An MC's global configuration is proposed to be a loop extending from the Sun with both legs rooted on the Sun (Marubashi, 1989 (Marubashi, , 1997 Burlaga et al., 1990) , and the internal magnetic field structure to be a magnetic flux rope, as is depicted in Fig. 1a (Goldstein, 1983; Marubashi, 1986; Burlaga, 1988; Lepping et al., 1990; Bothmer and Schwenn, 1998) . When a spacecraft encounters an MC, the magnetic field vectors generally exhibit the rotation characteristic of the flux rope structure. The geometry of an MC at the location of the encounter with the spacecraft can be determined by comparing the observed magnetic field variations with those calculated from the magnetic flux rope model. When the spacecraft traversed near the apex of the loop, as is shown by passage A, the MC's geometry can be analyzed by using a cylinder model, because the local geometry can be taken approximately to be that of a straight cylinder. When the spacecraft traversed MCs near the flank of the loop, as is shown by passage F, however, curvature of the MCs must be taken into consideration to explain the observed magnetic field variations. The curvature effects can be taken into account by using a torus-shaped flux rope model. Figure 1b shows how a torus shape is applied as a proxy of the curved portion of the MC loop. Here, points I and E are the entry and exit of a spacecraft through the MC, respectively, and the torus shape is assumed only for the region bounded by two cross sections passing I and E. We can define the local orientation of the torus MC to be the orientation of a vector connecting C 1 and C 2 , the centers of the two cross-sectional circles. It should be emphasized that the torus-shaped flux rope model is applied only for the limited portion of the MC loop, and it is not intended to imply that the entire torus could represent the global flux rope.
While many studies have been made to analyze an MC's geometry with cylindrical flux rope models Bothmer and Schwenn, 1998; Shimazu and Marubashi, 2000; Mulligan et al., 1998 Mulligan et al., , 2001 Lynch et al., 2003; Lepping et al., 2006) , only a few studies were made with torus models (Marubashi, 1997 (Marubashi, , 2000 Romashets and Vandas, 2003) , or with other different models (Vandas and Geranios, 2001; Vandas and Romashets, 2003) . Judging from the proposed global configuration of MCs, there should be more encounters with MCs near the flank than identified thus far.
In this study, we attempted to identify in a systematic way as many MC events as possible that require considering the curvature effects of the global configuration. For this purpose, we examined the solar wind data obtained by the WIND and ACE spacecraft during 10 years, from 1995 through 2004, with special attention to identifying the MC events with durations longer than 30 h, which corresponds to about two times the most frequently observed MCs (Lepping et al., 2006) . The selection of long-duration events is based on an idea that the durations of spacecraft passage through MCs tend to be longer when traversed near the flanks of loop structures of MCs compared with those cases when traversed near the apex, as is expected from Fig. 1a . As a result, we identified 17 long-duration MCs. Then, we performed the model fitting analysis for these 17 events with both cylinder and torus models, when possible, and compared the results from the two different models. This comparison shows that the 17 MC events are categorized into several different groups: such as (1) MCs which can be well interpreted only by the torus model, (2) MCs for which both the cylinder and torus models provide satisfactory fitting results with similar geometries, and (3) MCs for which the two models provide satisfactory fitting results but their geometries are substantially different from each other.
In the next section, we present the overview of the selected 17 MCs used in this investigation. Section 3 describes the two flux rope models, a cylinder model and a torus model, which are applied to the fitting analysis. In Sect. 4, we show the results of fitting with the two models for the selected 17 MCs, and attempt to determine which model is more satisfactory in interpreting each MC observation by an intercomparison between the two fitting results. Finally in Sect. 5, we summarize the results and give the possible impacts of the present study, especially for the torus-shaped MCs, on our understanding of the ICME physics.
Event selection
We surveyed solar wind data obtained from the WIND and ACE spacecraft during 10 years from 1995 through 2004, Ann. Geophys., 25, 2453 Geophys., 25, -2477 Geophys., 25, , 2007 www.ann-geophys.net/25/2453/2007/ in search of the long-duration magnetic clouds. The solar wind plasma and field data used in this survey are from the Solar Wind Experiment (SWE) (Ogilvie et al., 1995) and the Magnetic Field Investigation (MFI) (Lepping et al., 1995) on the WIND spacecraft, and the Solar Wind Electron Proton Alpha Monitor (SWEPAM) (McComas et al., 1998) and the Magnetic Field Experiment (MAG) (Smith et al., 1998) on the Advanced Composition Explorer (ACE).
In order to make this survey as complete as possible, we first made plots of the magnetic field vectors, such as that shown in the bottom diagram of Fig. 2 , for all the data period. Then, using the plots, we selected the long-duration MCs by the criteria: (1) the magnetic fields are relatively strong (≥10 nT); (2) the smooth rotations of magnetic field vectors are clear, being free from a significant interrupting interval; and (3) the durations of such intervals are longer than 30 h. As a result of this survey, we identified 17 MCs with long durations. Table 1 lists the 17 long-duration MCs we identified and the specific characteristics of the MCs. The first 4 columns indicate the event identification No., the start and end times, and the durations of the MCs. When the boundaries of the MCs are identified by any discontinuous changes in the magnetic field and plasma parameters, the start and end times are shown in the unit of minutes, otherwise, they are given in the unit of hours. The next 2 columns show the arrival times of shocks associated with the MCs. Two kinds of shocks are shown in the table. One is the shock probably driven by the ICME relevant to each MC, and the other is an internal shock probably having overtaken the ICME from behind (Collier et al., 2007) . The driven shocks are seen in 11 cases, and the internal shocks in 5 cases. The next 5 columns present five characteristic quantities related to the solar wind signatures which are generally used when identifying ICMEs: the magnetic field rotation, the degree of magnetic field fluctuations, the enhancement of He ++ abundance, the abnormally low proton temperature, and the bidirectional electron heat flux. Finally, the last column indicates the spacecraft providing the data source for the present analysis.
We briefly describe the characteristics of the MCs summarized in Table 1 . Column 7 lists the angle of the magnetic field rotation in the plane perpendicular to the EarthSun line (YZ-plane). The rotation angles here are calculated using the magnetic field vectors averaged over the first 3 h and over the last 3 h of the MCs traversed by the spacecraft. We used 3-h averages to avoid errors in estimating the rotation angles due to possible sudden direction changes near the MC boundaries. Though this averaging may cause underestimation of the rotation angles, its effect is not very large. It should be pointed out that some of the MCs exhibit the magnetic field rotations through angles substantially exceeding 180 • . Column 8 shows the degree of fluctuations in the magnetic field, defined by the ratio of standard deviations to the average intensity. Though we did not deduce typical values of the degree of fluctuations in the background solar wind, it will be seen later in many examples that this quantity is much reduced within MCs. Column 9 lists the values of the He ++ /H + number density ratio averaged within the MCs. A www.ann-geophys.net/25/2453/2007/ Ann. Geophys., 25, 2453 Geophys., 25, -2477 Geophys., 25, , 2007 recent statistic study by Richardson and Cane (2004) showed that the enhanced ratio of He ++ /H + (>0.06) is indicative of ICMEs. It should be noted here that the He ++ /H + ratios are seen to be generally enhanced within these MCs, compared to the surrounding regions, even though the averages are less than 0.06, as will be seen later for several examples. Event 6 was the only exceptional case in that it exhibits no enhancement in this composition ratio. Column 10 shows the averages within the MCs of the ratio of observed proton temperature, T p , to the proton temperature statistically expected from the solar wind speed, T ex (Lopez, 1987) . It is seen that the proton temperature ratios are appreciably lower than those for the background solar wind, except for two cases (Events 3 and 10). Column 11 denotes the pitch angles of the dominant electron fluxes in the energy range 100-300 keV, taken by visual inspection of the plots from the WIND/3DP Plasma instrument (Lin et al., 1995) and from the ACE/SWEPAM phase 3 data plots. (The data are accessible through the websites http://sprg.ssl.berkeley.edu/ wind3dp/ and http://swepam-pub.lanl.gov/plots/ele/stea/, respectively.) Bidirectional electron fluxes are generally seen in association with the 17 MCs, of which the dominant pitch angles are easily identified. In some cases, however, the directions of dominant fluxes switched from 0 • to 180 • or vice versa during the MC intervals, and in one case the electron heat flux was unidirectional. These cases are indicated by marks, MIX and UNI, respectively. In summary, in most of the 17 MCs we see plasma and field signatures which are widely accepted to be characteristic of ICMEs, as was previously pointed out (Gosling, 1990; Neugebauer and Goldstein, 1997 ).
Fitting with two flux rope models
In examining the geometry of the MCs listed in Table 1 , we apply a model fitting technique using two types of flux rope models, a cylinder model and a torus model. This section briefly describes each of these two models so that the meanings of model parameters can be understood. Appendix A and Appendix B give the expressions needed for calculations of magnetic fields and velocity variations which should be observed when the spacecraft traversed these models. The nonlinear least-squares fitting technique is described in Marubashi (2002) .
Cylinder model
We use the constant-α force-free model, including a selfsimilar expansion, which was originally proposed by Farrugia et al. (1992 Farrugia et al. ( , 1993 , with a slight modification based on a proposal by Shimazu and Vandas (2002) . In this model, the flux rope radius, r, the expansion velocity, v, and the magnetic field, B, at time t after the time of the first encounter with a spacecraft, are presented by the following expressions.
Here, the cylindrical coordinates, ρ, ϕ, ζ , are used with the ζ -axis along the axial magnetic field of the flux rope.
B(t) = B ϕ e ϕ + B ζ e ζ (3)
Here J 0 and J 1 are Bessel functions of the first kind of order 0 and 1, respectively, B 0 is the magnetic field intensity at the cylinder axis at time t=0, and E is a parameter expressing the expansion rate. In the force-free field, the electric current flows parallel or anti-parallel to the magnetic field, and they correspond to s=1 and s=−1, respectively. This parameter also denotes the sign of magnetic field chirality, s=1 for righthanded and s=−1 for left-handed. In Eqs. (4) and (5), α is chosen so that αr gives the first zero of J 0 (i.e. αr ∼ =2.405).
It should be noted here that α changes with time while it is constant spatially. The expansion effect on B ϕ was proposed originally to be in proportion to (1+Et) −1 (Farrugia et al., 1992) . This dependency comes from the assumption that the expansion does not occur in the direction of the cylinder axis when a cylinder of infinite length is considered. Later, Shimazu and Vandas (2002) showed that the effect is given by Eq. (4) when the expansion along the cylinder axis is considered. The forcefree condition is maintained throughout the passage of MC by this modification.
The parameters of MCs to be determined by the model fitting are summarized below.
1. U 0 : the bulk flow velocity of the solar wind, or the speed of the MC at the center. The solar wind velocity variation within an MC is taken as the vector sum of the constant flow velocity U 0 and the expansion velocity given by Eq. (2).
2. B 0 and r 0 : the intensity of the magnetic field at the cylinder axis and the radius of the MC cylinder at time t=0, as described above.
3. θ a , φ a , and p: the latitude and longitude angles of the cylinder axis and the impact parameter. The latitude and longitude angles are given in GSE coordinates. The impact parameter is given by the distance from the ζ -axis to the spacecraft trajectory (assumed to be along the GSE X-axis) normalized by r 0 . This quantity is defined to be measured along the vector product of two vectors: one parallel to the X-axis and the other parallel to the ζ -axis.
Ann. Geophys., 25, 2453 Geophys., 25, -2477 Geophys., 25, , 2007 www.ann-geophys.net/25/2453/2007/ 4. E: the expansion rate. In the self-similar expansion (Farrugia et al., 1993) , E is related to the time period T 0 during which the flux rope expansion had proceeded before the first encounter with the spacecraft as E=1/T 0 .
5. s: the sign of the magnetic field chirality of the MC.
The set of 7 parameters listed in 1-4 above determines the duration of the MC passage by the spacecraft. Because the durations of MCs are given by observations, it can be said that there is one relationship among the 7 parameters. This relationship is utilized in the fitting procedure, as described in Appendix A. The parameter s is fixed throughout the fitting procedure. The selection can be made after trying the fitting with both s=1 and s=−1.
3.2 Torus model Romashets and Vandas (2003) presented the expression for the force-free magnetic field inside a toroidal magnetic cloud which is valid for any ratio of the minor radius to the major radius of the torus. We use this model with one modification to include the expansion effect. In the toroidal coordinates, µ, η, and ψ (see Romashets and Vandas, 2001 , for the toroidal coordinates), the surface of a torus with the major radius R M and the minor radius r m is given by an equation µ=µ 0 , where cosh µ 0 =R M /r m . If we adopt a factor E to express the expansion effect in an analogous form to the cylinder model, three magnetic field components at time t are given by the following equations.
where ξ =− sinh −2 µ, F is the hypergeometric function,
andα 0 =(1+ √ 1−4ε 2 ) 4,β 0 =(1− 1−4ε 2 ) 4, with ε, the first root of F (α 0 ,β 0 , 1, − sinh −2 µ 0 )=0. B T is a parameter to determine the intensity of the toroidal magnetic field. It should be noted that B T is different from either the field intensity along the axis of a torus or the maximum field intensity inside the torus .
The parameters to be determined by fitting to the torus model are briefly explained below.
1. U T 0 and D f : The velocity of MC at time t, U T (t), is assumed to be decelerated with a deceleration factor, D f , so that the MC speed changes in interplanetary space as:
The observed solar wind velocity within the MC is taken as the sum of U T (t) and the expansion velocity analogous to the cylinder case. The deceleration was introduced in the torus model fitting, because observed changes in the solar wind velocity cannot be reproduced by only the expansion effect.
2. R M , r m0 , and B T : The major radius and the minor radius at time t=0, and the field intensity parameter described above. The minor radius of the torus at time t is given by:
In the present fitting, we treat R M as a time-independent parameter. Strictly, this treatment is not self-consistent, but inclusion of expansion effects on R M makes the calculations much more complicated. It is hoped that this simplification does not affect the results of the analysis very much.
3. θ n , φ n , p y , and p z : the latitude and longitude angles of the normal vector of the plane, defined by the axial field of the torus, and the two parameters defining the spacecraft trajectory relative to the torus axis (see Appendix B).
4. E: the expansion rate, same as for the cylinder fitting.
In the torus fitting, we need two parameters for defining the size of an MC, and two parameters for defining the spacecraft trajectory relative to the MC, while one parameter is sufficient for each of them in the cylinder fitting. In addition, we introduced a new parameter, D f , to better reproduce the velocity profiles in the torus fitting. Thus, we have a set of 10 parameters in the torus fitting, as described in 1-4, among which there is one functional relationship as in the cylinder fitting.
In the least-squares fitting process, we search for a set of parameters that provides us with the geometry of the spacecraft passage through the flank of the MC loop, such as shown that in Fig. 1a , as far as possible. The actual procedures are as follows. First, we find a set of parameters, by trial and error attempts, that yields magnetic field variations qualitatively similar to the observed variations under the conditions that (1) the equivalent local orientation of the MC axis is directed within 30 • from the X-axis and (2) |py|, |pz|<1.0. Then we execute the fitting routine starting with the parameter set as a first guess.
As a result of these procedures, we encounter two different situations. In 9 cases, the fitting routine attained convergence, yielding all parameters as well determined. For the remaining 8 cases, we found the tendency that the rms difference between the observed and calculated values became a R M is the major radius of torus (constant), and r m0 is the minor radius of torus at the time of encounter. b θ n and φ n are the latitude and longitude angles of a vector normal to the torus plane defined by the axial magnetic field. SgnBx indicates, by the sign of the Bx component of the axial field, on which side of the torus the spacecraft encountered. c (p y ,p z ) indicates the position in the YZ plane of the spacecraft track from the torus axis. p is the minimum distance from the torus axis to the spacecraft; all in units of r m0 . d B T is a parameter to determine the intensity of the toroidal magnetic field; see Sect. 3.2. e U T 0 is the velocity of MC at the time of encounter, and changes afterwards as
g is the increase in the torus minor radius in 48 h as a result of self-similar expansion. h Erms is the error-estimating figure defined as the rms difference between observed and calculated fields divided by the maximum observed field intensity.
smaller and smaller with the increase in R M , but that the fitting routine collapsed before convergence was attained. In such cases, we tried fitting with R M fixed, using different values in the range of 0.3-1.2 AU (a factor 4 difference). The results of these calculations show that we obtain generally similar values for the equivalent local orientation, but obviously with changes seen in other parameters. Appendix C shows the dependence of the fitting results on the values of R M in more detail.
Results of fitting
We performed the model fitting with the hourly averaged data for the 17 MCs listed in Table 1 with both cylinder and torus models, when possible. Fig. 1 and Appendix B for more details). p is the minimum distance (in r m0 unit) from the torus axis to the spacecraft during the passage, with the expansion effect included (Note that p y and p z are measured in the YZ plane, so that they do not indicate the minimum distance directly). H is the handedness (right-hand or left-hand) of magnetic helicity, determined by s (R: s=1; L: s=−1). Erms in the last column indicates the relative errors, /B max , where is B max the maximum of the observed magnetic field intensity within the MC, and is the rms deviation between the observed magnetic fields, B O (t i ), and the model magnetic fields, B M (t i ) (i=1, . . . , N):
The expansion rate E is presented by the amount of relative increase expected, if the expansion at a constant rate lasted h Erms is the error-estimating figure, defined as the rms difference between the observed and calculated fields divided by the maximum observed field intensity.
for 48 h. Table 3 shows the results of fitting with a cylinder model for the same 17 MCs. It should be noted here that not all the values in Tables 2  and 3 are necessarily acceptable. The least-squares fitting procedure returns a set of fitted parameters regardless of whether or not they may provide calculated variations with satisfactory agreement with the observed variations. We need to examine separately which one is more plausible as the real geometries of MCs between the torus and cylinder results. In this section, we first present the results of the fitting for some representative examples, and then go on to examine which gives a more appropriate interpretation for each MC, the torus model or the cylinder model. Figure 2 shows the result of analysis for the MC encountered on 4 February 1998 (Event 6 in Table 1 ). Plotted from top to bottom are the magnetic field intensity, the X, Y, and Z components of the field in the GSE coordinate, the ratio of standard deviations to the average intensities, the solar wind speed, the number density ratio of He ++ /H + , the proton density, the proton temperature, the plasma beta based on protons, and the magnetic field vectors projected on the X-Y, X-Z, and Y-Z planes. The dashed curve drawn along with the proton temperature shows the temperature statistically expected from the solar wind speed, T ex (Lopez, 1987) . The MC boundaries are indicated by two vertical lines.
Examples
One of the conspicuous features of this MC is a very smooth, long-lasting rotation of the magnetic field vectors. A clockwise rotation of 329 • is seen in the Y-Z plane to proceed during a 43 h interval. The thick solid lines for the magnetic field and the solar wind speed depict the results of the fitting with the torus model, showing an excellent agreement with the observations. Because the angle of magnetic field rotation is so large, it is impossible to reproduce the observed magnetic field variations with such a cylinder model, as described in Sect. 3. While in a previous work, Lepping et al. (2006) invoked a new cylinder model with dual polarity to explain this type of MCs, we here restricted ourselves to a cylinder model that allows the change in the pitch angle of the magnetic field from 0 • at the axis to 90 • at the surface. For this reason, the entries for Event 6 are blank in Table 3 .
The geometry of the MC encounter with the spacecraft is shown in Fig. 3 , which is calculated with the fitted parameters presented in Table 2 at time t=0 near the solar ecliptic plane, with three arrows indicating the direction of magnetic field on the MC surface (S), the direction of the axial field of the MC (A) and the spacecraft trajectory (S/C). In this event, the spacecraft traversed the MC very close to the torus axis, almost in parallel with the axis around 19:00 UT, thus the observed magnetic fields there mostly consisted of the axial component with a very small contribution of the transverse component. Thus, we see in Fig. 2 such features as B y ≈B z ≈0 and the reversal of B z around 19:00 UT.
In Fig. 2 , we can see some of the characteristic features that are commonly taken as the signatures of ICMEs. They include abnormally low proton temperatures, the low plasma betas based on protons, and small fluctuations of magnetic fields. The observed proton temperature is generally low Ann. Geophys., 25, 2453 Geophys., 25, -2477 Geophys., 25, , 2007 www.ann-geophys.net/25/2453/2007/ in comparison with that expected statistically from the solar wind speed, though the difference becomes small toward the trailing part of the MC. Similarly, the proton beta is generally low, but increases toward the trailing part in correspondence with the decrease in the magnetic field intensity and the increase in the proton number density. Though the magnetic field fluctuations are generally small throughout the 4-day period, in this case, the condition is satisfied at any rate since the fluctuations are small within the MC. The bidirectional electron heat flow event (BDE) is also evident in almost the same interval in the summary plot of the WIND 3-D Plasma and Particle Investigation (Lin et al., 1995 , http://sprg.ssl.berkeley.edu/wind3dp/). However, the enhancement of He ++ is not clear in this MC, though we see the enhanced He ++ /H + ratio exceeding 0.1 in a restricted time interval of several hours in the trailing part of the MC. Figure 4 presents the field and plasma data for a 4-day period, including the MC of Event 13, in the same format as Fig. 2 . The vertical dashed line preceding the MC indicates the arrival time of a shock, which is considered to have been driven by this ICME. A striking feature with this MC is its long duration of 57 h. Again, we can see several ICME signatures, such as the enhanced He ++ /H + ratio, the abnormally low proton temperature, the low proton plasma beta, and the small fluctuations of magnetic fields. The BDE was also observed from 18:20 UT, 19 March to 04:00 UT, 22 March.
For this MC, the model fitting was performed both with a torus model and with a cylinder model. We can see an excellent agreement between observations and results from the torus fitting, as plotted by thick solid lines. In contrast, the results from the cylinder model, shown by dotted curves, yield only a very unsatisfactory agreement with the observations. The rms difference, , between the observed and modeled magnetic fields is 6.5 nT, twice the rms difference from the torus fitting, 3.2 nT. Besides, it is impossible for the cylinder model to reproduce the feature that most of the magnetic field rotation takes place in the earlier half of the MC. Figure 5 depicts the geometry of this MC at the time of encounter with the spacecraft in the same format as Fig. 3 ; Fig. 5a for the torus model, and Fig. 5b for the cylinder model. We can see two big differences between the geometries obtained from the two models. The first difference is seen in the orientations of the MC obtained from the two models. At the location where the spacecraft passed the MC, the direction of the torus axis is nearly parallel to the ecliptic plane, and is in fact nearly parallel to the X-axis (the cone angle being 162.5 • : cf. Table 4), while the cylinder axis is highly inclined to the ecliptic plane. The angle between the torus axis and the cylinder axis is as large as 55.9 • . The second difference is seen in the size of MC determined by the fitting. The torus fitting gives the radius of 0.0750 AU at t=0, whereas the cylinder fitting gives the radius of 0.1893 AU. Because the duration of this MC is so long and the axis is so inclined from the ecliptic plane, the radius must become large in proportion to the duration in the cylinder model, whereas the radius can be much smaller for the torus model, because the curvature effect makes it possible for the spacecraft to spend a longer time, as is evident in Fig. 5a . By a close examination of the geometry of the spacecraft passage through the MC, it is seen that the spacecraft crosses the front side (X<0) of the torus, close to the axis, in the earlier half of the duration, and passes just near the surface on the rear side in the latter half of the duration. Thus, the torus model explains why the magnetic field rotation of about 180 • was observed in the earlier half and only about 40 • in the latter half.
Summarizing the above results, we can say that the torus model provides a much more reasonable explanation for this MC. Though the cylinder-fitting routine returns fitted parameters, the agreement between the observed and calculated field variations is not satisfactory. This event should be taken as a case which gives us a warning when attempting interpretation of the fitting results with large rms differences, even if a qualitative agreement may be roughly attained. Figure 6 presents the results from the torus fitting and the cylinder fitting for Event 14 in the same format as Fig. 4 . Though the magnetic field intensities are rather weak throughout the MC, we can see such ICME signatures as the magnetic field rotation, the enhanced He ++ /H + ratio, the abnormally low proton temperature, and the low proton plasma beta. A very long BDE event was observed from 10 May through 11 May, along with this MC. Good agreements are obtained by both the torus fitting and the cylinder fitting, so that the difference between the two fitted curves can be hardly distiguished in this presentation. However, a close examination of the geometries obtained from two models allows us to discriminate between the two fitting results. Figure 7 shows the geometry of the spacecraft's encounter with the MC, Fig. 7a for the torus model and Fig. 7b for the cylinder model. In Table 4 we find the orientation of the cylinder MC to be very close to the X-axis. The cone angle of the axis (defined as the angle between the cylinder axis and the X-axis) is 3.9 • , with the latitude and longitude angles of the axis −3.1 • and 357.6 • , respectively. Because of this geometry, the spacecraft must spend a long time within the cylinder MC once it enters the MC. As a result of this requirement, the cylinder radius was estimated to be as small as 0.0126 AU. Considering that this type of geometry should take place when the spacecraft encounters the MC near its flank, we need to take into account the curvature of the MC. The result of the torus fitting gives the local torus orientation nearly parallel to the X-axis, and the minor radius of 0.0587 AU, if we assume R M =0.6 AU. This size is much more reasonable, being in the radius range typical to many other MCs. the other at 08:02 UT on 19 April is an internal shock which probably overtook the MC from behind. The end time of the MC was taken at 11:00 UT, 19 April, because the magnetic field rotation continued till this time, though the intensity jumped up at the shock. Again, the ICME signatures are clearly seen in the figure, such as the small fluctuations of magnetic fields, the enhanced He ++ /H + ratio, the abnormally low proton temperature, and the low proton plasma beta. The BDE was also observed throughout the MC interval. For this MC, the fittings were performed by using only the magnetic field and solar wind velocity data from the start time of the MC to the time of the internal shock, and the remaining part was treated as if it were the interval of a data gap. This is to avoid possible errors due to the field intensity changes associated with the internal shock. The agreement between the observed and modeled variations is satisfactory for both the torus and cylinder fittings, so that the difference between the two fitted curves can hardly be recognized in this presentation.
The geometry of the MC at the time of the encounter with the spacecraft is shown in Fig. 9a for the torus fitting and in Fig. 9b for the cylinder fitting. It is seen that the geometries are very similar, when viewed locally along the spacecraft trajectory, for the two fitting results in this case. A closer examination of Fig. 9a reveals that the spacecraft traverses the torus at the portion far enough from the flank so that the curvature effect becomes unimportant. Thus, it is concluded that this MC observation corresponds to the case where the spacecraft traversed rather near the apex of the MC loop than near the flank of the loop, for which both cylinder and torus models can provide reasonable interpretation of observation.
The final example is the MC encountered on 27 May 1996 (Event 2), for which the fitting results and the resultant MC geometries are shown in Figs. 10 and 11, respectively. We can see in Fig. 10 that the fitting with the cylinder model (dotted curve) is acceptable, though the torus model gives a better fitting result (solid curve). Figure 11 shows, however, that the MC geometries from two models are completely different from each other. At the location where the spacecraft passed the MC, the direction of the torus axis is nearly parallel to the X-axis (the cone angle being 165.2 • ), while the cylinder axis is nearly perpendicular to the X-axis (the cone angle being 69.0 • ). As a result, the angle between the torus axis and the cylinder axis is as large as 97.2 • (see Table 4 ). Besides, the flux rope sizes obtained from the two models are very different, with the radius from the torus model being 0.0565 AU, whereas the radius from the cylinder model is 0.1536 AU at the time of the first encounter with the spacecraft.
The differences in the results from the torus and cylinder models are similar to the case that we have seen in the analysis of Event 13. More important, however, the two models provide similar magnetic field variations that are both close to the observed variation, while only the torus model provides an acceptable result for the MC geometry in the case of Event 13. This means that two different MC geometries can explain the observations as well. One implication is that both of these geometries can take place in reality, and that the model fitting alone is insufficient in determining the real geometry for each of the particular MC observations.
Selection of acceptable fitting results
We further examine which model gives a more plausible geometry for each of the 17 MC observations, the torus fitting or the cylinder fitting. For the purpose of comparison between the torus and cylinder geometries, we define the equivalent local direction of the torus axis, as is shown in Fig. 1b . The direction of the vector is selected so as to coincide approximately with the direction of the axial field, and presented by eq and eq , the latitude and longitude angles. Table 4 lists the equivalent local direction of the torus axis eq and eq , the cone angle of the torus axis, (CA) eq , the cone angle of the cylinder axis (CA) a , and the angle between the cylinder axis and the torus axis, δ. (The latitude and longitude angles, θ a , and φ a , are also listed again to make the comparison easier.) For those cases where the cylinder fitting results are not very good (Erms>0.3), the relevant values are shown in brackets. Here, (CA) a , (CA) eq , and δ are given by the following equations.
(CA) a = Cos −1 (cos θ a cos φ a )
(CA) eq = Cos −1 (cos eq cos eq ) (14) δ = Cos −1 (cos θ a cos φ a cos eq cos eq + cos θ a sin φ a cos eq sin eq + sin θ a sin eq )
It is a noteworthy feature that in many cases the local equivalent directions of the torus axis are nearly parallel or antiparallel to the X-axis, indicating that the spacecraft traversed the MCs apart from the loop top, closer to the loop's flank, when considered in the framework of the torus model. By examining the fitting results in Tables 2 and 3 , it is seen that the relative errors are small (Erms<0.3) for all the results from the torus model, whereas Erms<0.3 is satisfied for the cylinder fitting only in 9 cases. Thus, if we adopt Erms<0.3 as a criterion for the good agreement between the observations and the fitting results, we can classify the 17 MCs examined into two categories: 8 MCs for which Erms<0.3 is satisfied only by the fitting with a torus model (Category A), and 9 MCs for which Erms<0.3 is satisfied with both torus and cylinder models (Category B). Further, we divide each of these two categories into two groups, respectively. It is seen, in Category A, that the rotation angles of magnetic field vectors are larger than 180 • for 5 MCs, while the rotation angles are smaller than 180 • for the remaining 3 MCs. Thus, Category A can be divided into two groups A1 (Events 6, 11, 12, 13, and 17) and A2 (Events 4, 10, 16) a The local direction of the torus axis is given by equivalent latitude and longitude angles, eq and eq , respectively; see Fig. 1b for definition. b (CA) eq is the cone angle of the torus direction around the X-axis; see Eq. (14). c The direction of the cylinder axis is given by θ a and φ a ; same as in Table 3 . d (CA) a is the cone angle of the cylinder axis around the X-axis; see Eq. (13). e δ is the difference between the torus direction and the cylinder direction; see Eq. (15). f Categorization of the 17 magnetic clouds into 4 groups; A1 and A2, fitting with torus model is much better than fitting with cylinder model; B1, MCs both torus and cylinder model give similar geometry; B2 the torus and cylinder models give different geometries. * * Though this event is categorized as B1, only the torus fitting is acceptable; see Fig. 7 .
angle. Category B can be divided into two groups by the difference in the orientations obtained by the torus and cylinder fittings. It is seen in Category B that δ is smaller than 30 • in 3 cases (Events 1, 14, and 15), whereas δ is larger than 30 • in the remaining 6 cases (Events 2, 3, 5, 7, 8, and 9). They constitute two groups, B1 and B2, respectively. The last column in Table 4 indicates the group to which each MC observation belongs. The MC observations in Group A1 should be considered as cases where the spacecraft traversed the MCs deep enough to cross near the axis, and near the flank of the MC loop, almost in parallel to the torus axis, as is evident from the torus cone angles close to 0 • or 180 • . A typical example has been seen with Event 6 in Figs. 2 and 3. It should be noted again that the cylinder model cannot reproduce the field rotation substantially larger than 180 • .
For the MC events in Group A2, the torus cone angles are close to 0 • or 180 • , indicating that the spacecraft traverses near the flank of MC loop, as well. In these cases, however, the spacecraft did not enter the MCs deep enough, but traversed only near the surface of the MCs, in contrast to the cases in Group A1. An additional interpretation may be desirable for Event 10, because the magnetic field rotation is large in this case compared with the other two cases. The observed solar wind field variations for this MC are compared with the result of fitting by the torus model and that by the cylinder model in Fig. 12 in the same format as Fig. 4 . The most conspicuous difference between the torus and cylinder models is seen in the B X variation in the trailing part of the MC. Because of the relatively large angle of the magnetic field rotation, the cylinder fitting requires the spacecraft passage near the MC axis. In such geometries, it is impossible for the cylinder model to reproduce B X variations having different signs at the entering and exiting points. We can see in the figure that the B X variation is much improved by the torus model.
With regard to the MCs in Group B1, the local directions determined by the torus fitting are close to the axis directions determined by the cylinder fitting (δ<30 • ). Further, we notice that the torus cone angles are relatively large for these MC events, except for Event 14. We have already seen that Event 14 is a very special case where the MC axis is nearly parallel to the X-axis, and therefore the torus model is required for interpreting the observation. When the torus fitting result yields the local axis orientation of a large cone angle, the curvature effect is not very significant. Therefore, the www.ann-geophys.net/25/2453/2007/ Ann. Geophys., 25, 2453 Geophys., 25, -2477 Geophys., 25, , 2007 Fig Fig Fig  Fig. . . . 12 12 12 12 geometry of the MC encounter with the spacecraft can be approximated by the geometry of the encounter with a cylinder. This geometrical relationship takes place when the spacecraft traversed near the apex of the MC loop. The observations of 2 events in Group B1 other than Event 14 are considered to correspond to this situation. The torus fitting result in such a case is characterized by the MC geometry in which the torus is crossed by the spacecraft only on its earthward side (X<0 side, with X=0 at the center of the torus: see Appendix B for details). It is also worthwhile to point out that one of the impact parameters (p z ) is relatively large for these 2 events. Though the torus cone angle is relatively small for Event 15, the geometry is interpreted as a case where the spacecraft crossed the MC loop between the apex and the flank (see Figs. 8 and 9 ).
Finally, a new finding of the present study is that there exist MC events that can be interpreted in terms of both the torus and cylinder models, but where the fitted directions are substantially different (events in Group B2). In 2 events in this group (Events 3 and 9) for which the rotation angles of magnetic field vectors are larger than 180 • , good agreements with the observations are obtained from the cylinder fitting, as well as from the torus fitting. This comes from the fact that magnetic field intensities are relatively small near the MC boundaries in the above 2 cases, so that the differences in the field directions do not make much of a contribution to the overall rms deviations. This raises the important problem that two possible geometries appear to be obtained from one observation while one definitive geometrical situation should exist in reality. One possible conclusion is that either of the two cases of the different geometries can take place in reality, and that the model fitting alone may not provide the definitive real geometry for any particular MC observations. It should also be noted that the results of fitting may not be very reliable when they indicate that the spacecraft traversed only near the surface of the MCs, such as for Events 8 and 15. Thus, we must admit that the analysis based on the least-squares fitting technique alone cannot always give us the right geometry of an MC.
As a possible method to determine which gives a more plausible geometry for each of the MCs, a torus model or a cylinder model, we compare the BDE characteristics with the MC geometries obtained by fitting with the two models. It is very common in BDE flux events that one of the counterstreaming fluxes is stronger than the other. The general idea for interpreting this asymmetric feature is that the suprathermal electron flux from the footpoint of the MC loop closer to the spacecraft should be stronger than that from the other footpoint of the loop. The relationship between the MC geometry and the BDE asymmetry has been examined based on this hypothesis by Phillips et al. (1992) and Kahler et al. (1999) , though the results are not very definitive. If the same hypothesis is applied, it is expected that the pitch angle of the dominant electron flux should be 180 • for the MC whose axial field is toward the Sun and 0 • for the MC whose axial field is away from the Sun. We examine whether this relationship is satisfied or not for our 17 MC events.
First, by comparing the cone angles determined from the torus fitting and the cylinder fitting for 6 MCs of Group B2, we see that the axial field polarities from the two models are opposite in 3 cases (Events 2, 3, and 7). It is seen from the BDE characteristics given in Table 1 that Event 2 matches the torus model, whereas Event 3 matches the cylinder model. For Event 7, the torus model seems more favorable, though the electron heat flow is unidirectional. For the remaining 3 MCs for which both models provide the same axial field polarities, Events 8 and 9 match the hypothesis and Event 5 mismatches the hypothesis. Second, of the 3 MCs in Group B1, the matching of the hypothesis is seen in 2 cases (Events 1 and 14) . For Event 15, the hypothesis cannot be applied, because the dominant flux direction changed within the MC. Third, of the 8 MCs in Group A1 and Group A2, the dominant flux direction changed within the MCs in 3 cases. In the remaining 5 cases we see 2 matching cases (Events 4 and 10) and 3 mismatching cases (Events 6, 12, and 13). As a whole, we see that the axial field polarity matches the direction of dominant heat flow of the BDE in only 9 out of 13 cases, excluding 4 cases of mixed heat flow polarity. If the number of cases matching the hypothesis are compared between the torus and cylinder results (with the cylinder results of Erms>0.3 included), the matching is seen in 8 cases (including Event 7) for the torus results, and in 7 cases for the cylinder results. Thus, one must admit that the relationship between the dominant heat flux direction and the magnetic field polarity can be violated in many cases. It is thus concluded that we need more careful studies on the relationship between the asymmetries in BDE fluxes and the distances from the loop footpoints. At least, temporal variations in suprathermal electron supplies at both footpoints of the MC loop must be taken into account in some cases, because there are some cases in which the dominant flux direction changes within a single MC.
Thus far, we have seen that the 17 MC events can be divided into 4 different groups. The first group consists of the MC events of which the rotations of magnetic field are so large that it is impossible to reproduce the observed variations by the cylinder model (A1). For the second group, the cylinder model cannot satisfactorily interpret the observations, due to the important curvature effect of the MC loops, though the field rotations are less than 180 • (A2). The third group corresponds to the cases in which the spacecraft encountered the MC near the apex of its loop (B1). For MCs in the fourth group, though the cylinder and torus fittings both reproduce the observations satisfactorily, the resulting geometries are substantially different from each other (B2). We examined the BDE characteristics for the purpose of selecting more plausible geometries, but the results were not definitive. In order to determine the most plausible geometry of an MC, it is necessary to compare the MC characteristics obtained by the model fitting analysis with other observations relevant to the MC geometry. Here, we point out several possible observations for future studies which may provide methods for the geometry determination of the MCs. They include examining: (1) the directions of the surface normals of any discontinuities near the MC boundaries, and shock normals associated with the MCs (Jones et al., 2002; Kataoka et al., 2005) , (2) multi-spacecraft observations of the same MC (Burlaga et al., 1981; Bothmer and Schwenn, 1998; Mulligan et al., 1999; Russell et al., 2003) , and (3) the relationships between the magnetic field structures of MCs and the corresponding coronal magnetic structures (Marubashi, 1986 (Marubashi, , 1997 Ishibashi and Marubashi, 2004; Cremades and Bothmer, 2004) .
Finally, we compare four relevant parameters obtained from the fittings with the torus and cylinder models in Fig. 13 : (a) the relative fitting errors Erms, (b) the radius of the cross-sectional circle of the MC loop at time t=0, (c) the speed of the translational motion of the MC at t=0, and (d) the maximum field intensity within the MC at t=0. The maximum field intensities for the torus model were calculated with Eqs. (6-8), while they are given by B 0 for the cylinder model. The parameters are plotted with different marks for the above 4 groups: circles for Group A1, squares for Group A2, triangles for Group B1 (Event 14 is indicated by an asterisk), and diamonds for Group B2. Parameters for Event 6 are not plotted here, because the cylinder fitting was not performed. It should be noted that the diagrams include parameters obtained from the cylinder fitting for events of Groups A1 and A2, for which we have concluded that the torus fitting is needed. Those points should suggest caution concerning how different geometries of MCs result when the fittings with large errors were accepted. It is seen from Fig. 13a that Erms<0.3 is a good criterion for judging the fitting accuracy for the 17 examined MC events. Figure 13b indicates that the most significant difference between the results from the two models is seen in the sizes of the MCs, while the MC speeds and the maximum field intensities from the two models are in reasonable agreement ( Fig. 13c and  d) . As we have already seen with some examples, the radial sizes of MC flux ropes obtained with the torus model are generally smaller than those from the cylinder model. This imposes significant impacts on the estimation of magnetic flux and other related quantities carried away from the Sun by MCs (cf. Green et al., 2002; Nindos et al., 2003; Leamon et al., 2004; Lynch et al., 2005; Lepping et al., 2006) .
Summary
1. We identified 17 magnetic clouds (MCs) with durations longer than 30 h using the solar wind data obtained from the WIND and ACE spacecraft during 10 years from 1995 through 2004. The plasma and magnetic field data for these MCs generally exhibit characteristic features commonly observed in the ICMEs, such as enhancements in the He ++ /H + ratio, bidirectional electron heat flows, abnormally low proton temperatures, and reduced magnetic field fluctuations. It should be noted, however, that all of these signatures are not necessarily seen in all of these MCs.
2. The magnetic field structures of the 17 MCs were analyzed by the technique of the least-squares fitting to the force-free flux rope models. The analysis was made with both the cylinder and torus models when possible. The torus model was used in order to approximate the curved portion of the MCs near the flanks of the MC loops. As a result of this analysis, we have found that the 17 MC events are classified into 4 groups; Group A1: MC events exhibiting magnetic field rotations through angles appreciably 4. It is far more evident that the torus model is needed for interpretation of the MCs exhibiting magnetic field rotations through angles substantially larger than 180 • . For other cases of magnetic field variations, however, we could not find a way to foresee which model, torus or cylinder, yields a better interpretation for the observed magnetic field. Thus, for selecting an appropriate model for a given MC event, we must rely on the difference in the degree of agreement between observations and modeled results with both models. The MC for which the axis is aligned with the X-axis is one special case which requires the torus model for interpreting the observation.
5. We found that the flux rope radii obtained from the torus fitting tend to be generally smaller than those obtained from the cylinder model. This result can be easily understood by considering the fact that the durations of a spacecraft passage through MCs tend to be relatively long when traversed near the flank of the MC loop than when traversed near the apex.
6. We tested the hypothesis that the stronger fluxes of the BDEs come from the footpoints of the MC loops closer to the spacecraft by comparing the direction of the dominant fluxes of the BDEs and the polarities of the axial field of the MCs obtained from the model fitting. As a result, we found this hypothesis is satisfied in 9 cases out of 13 cases, the matching rate being 70%. This result suggests that the causes of asymmetries in BDE fluxes should be further examined with some additional possibilities taken into consideration, such as possible intensity differences between two source regions around two footpoints of the MC loops, and possible temporal variations in suprathermal electron supplies there.
Conclusions and discussion
We have presented an analysis of 17 magnetic clouds whose durations are equal to or longer than 30 h, with torus-and cylinder-shaped flux rope models. As a result, we have obtained the following new findings:
1. There exist MC events that can be interpreted only by a torus model, corresponding to cases where the spacecraft traversed the flank of the MC loop (Group A1 and A2 in our classification).
2. There is another class of MC events for which the fittings with the torus and cylinder models yield significantly different orientations of the flux rope axis, though both models provide magnetic field variations in good agreement with observations (Group B2 in our classification).
3. The flux rope radius obtained from the torus fitting tends to be smaller than that from the cylinder fitting.
It should be pointed out that these findings impose strong impacts, in two ways at least, on our understanding of the connection between CMEs and ICMEs. First, the direction of the flux rope axis is an important factor in the understanding of the relationship between the coronal magnetic structures near the sources of CMEs and the associated ICMEs. It is plausible that one may obtain a wrong direction of the flux rope axis by using cylinder model fittings to those MCs described in 1 and 2. We need to select the right one from two different directions obtained from two models before comparing with related coronal structures. Two MCs analyzed by Ishibashi and Marubashi (2004) and Crooker and Webb (2006) , respectively, are good examples for which the torus fitting yields a better alignment between the MC axis and the orientation of the associated solar filament. Secondly, the estimation of the flux rope radius directly affects the estimation of physical quantities, such as magnetic flux and magnetic helicity carried away from the Sun by the MC (Green et al., 2002; Nindos et al., 2003; Leamon et al., 2004; Lynch et al., 2005; Lepping et al., 2006) . For example, Nindos et al. (2003) showed a general tendency that for the magnetic helicity calculated from MCs to be overestimated. Such an estimate can be improved by using the smaller flux rope radius obtained from the torus model fitting. It is thus highly desirable in future studies to determine which model gives a more realistic geometry of a given MC, the torus model or the cylinder model. Here we point out possible future studies which may provide methods to determine the real geometries of the MCs. They include: (a) the directions of discontinuities normals near the MC boundaries and shock normals associated with the MCs (Jones et al., 2002; Kataoka et al., 2005) , (b) multi-spacecraft observations of the same MC (Burlaga et al., 1981; Bothmer and Schwenn, 1998; Mulligan et al., 1999; Russell et al., 2003) .
Appendix A Magnetic fields and solar wind velocity for the cylinder model
We derive expressions to calculate the magnetic fields and the expanding velocity within a cylindrical magnetic flux rope along the spacecraft trajectory. We use the SE coordinate system, O f −X f Y f Z f , moving with a flux rope with the origin O f taken on the flux rope axis. Let θ a and φ a be the latitude and longitude angles of the axial field in this coordinate system. We make a new coordinate system O f −X 1 Y 1 Z 1 by rotating O f −X f Y f Z f around the X f -axis, so that the X 1 −Y 1 plane contains the flux rope axis. This transformation can be made by adopting the rotation angle satisfying the following equations.
As a result of this transformation, the flux rope axis is toward the longitude angle in the X 1 −Y 1 plane, where is given by cos = cos θ a cos φ a sin = sin 2 θ a + cos 2 θ a sin 2 φ a (A2)
Suppose that the spacecraft enters the flux rope at time t=0 and exits at t=t d (i.e. t d is the duration of MC passage), and let {X 1 (t), Y 1 (t), Z 1 (t)} be the position of the spacecraft at time t (0≤t≤t d ). Then it follows
The radial distance from the cylinder axis to the spacecraft at time t, ρ(t), is given by
If we define an angle β, the elevation angle of the spacecraft position from the X 1 −Y 1 plane measured on the plane perpendicular to the cylinder axis, it is given by
Using the angles β and defined above, the expansion speed of the MC cylinder and the magnetic field at the spacecraft position at time t are given as follows. 
In Eq. (A8), the motion of the flux rope relative to the spacecraft is taken into account. In the actual model fitting, we used the speed of the solar wind, V SW , instead of v X , v Y , v Z .
Equations (A10) and (A9) together with Eq. (A3) present variations of the solar wind speed and the magnetic field that should be observed by the spacecraft when traversing the flux rope cylinder.
In the actual calculation, we further need to determine X 1 (0) in Eq. (A3). Noting that the spacecraft is on the surface of the cylinder at times, t=0 and t=t d , we obtain from Eq. (A4):
Simple manipulation of these equations yields X 1 (0) and an expression connecting the 7 fitting parameters, as given below.
Appendix B Magnetic fields and solar wind velocity for the torus model
We derive expressions to calculate the magnetic fields and the expanding velocity within a torus-shaped magnetic flux rope along the spacecraft trajectory. We first define the SE coordinate system moving with the torus, with the origin taken at the center of a circle drawn by the axial field of the torus, O-XYZ. Let θ n and φ n be the latitude and longitude angles of a vector normal to the plane containing the axial field in this coordinate system. To make the calculations easier, we transform O-XYZ to the torus-referred Cartesian coordinate, O−X T Y T Z T , in which the plane of the torus axis is contained in the X T −Y T plane, and the Z T axis is contained in the X-Z plane. This transformation can be made by first defining O−X 1 Y 1 Z 1 by rotation of O-XYZ around the Xaxis through angle , and then rotating O−X 1 Y 1 Z 1 around Y 1 -axis through angle , where and are given by the following equations.
sin = −cos θ n sin φ n sin 2 θ n + cos 2 θ n sin 2 φ n cos = sin θ n sin 2 θ n + cos 2 θ n sin 2 φ n (B1) sin = cos θ n cos φ n cos = sin 2 θ n + cos 2 θ n sin 2 φ
The expansion velocity of the torus flux rope can be easily calculated by invoking two additional coordinate systems: a cylinder coordinate system (R, , h) and a toroidal cylinder system (ρ, β, ς), which are related to the O−X T Y T Z T system as follows.
The expansion velocity given by Eq. (2) in the text can be expressed with these coordinate systems as
Then, we obtain three components of the expansion velocity in the O−X T Y T Z T coordinate system as follows.
Now, we calculate the magnetic field given by Eqs. (6) (7) (8) in the text as a function of X T , Y T , and Z T . The toroidal coordinates µ, η, and ϕ are determined by the following relationships with X T , Y T , and Z T .
The backward relationships are
In this coordinate system, the equation µ=µ 0 defines a toroid with the major and minor radii R M and r m , which are related to a and µ 0 as follows.
Manipulating Eq. (B8), we obtain
where h µ =h η =a (cosh µ− cos η), h ϕ =a sinh µ (cosh µ− cos η) are the Lamè coefficients, and (w ij ) is a matrix, of which each element is given as follows.
w 31 = − sinh µ sin η cosh µ − cos η ,
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Then, we present expressions to calculate the spacecraft trajectory within the torus as a function of time from t=0 to t=t d , which is needed to calculate the magnetic field and the expansion velocity to be measured by the spacecraft. Let {X 1 (t), Y 1 (t), Z 1 (t)} be the position of the spacecraft in the O−X 1 Y 1 Z 1 system at time t, then it follows    X 1 (t) = X 1 (0) + U T 0 t − 1 2 D f t 2 Y 1 (t) =Y 1 (0) =Y 10 =∓ (sgn (B X )) R M +r m0 p y Z 1 (t) = Z 1 (0) = Z 10 = r m0 p z
The Y 1 −Z 1 plane cuts the torus on both sides of Y 1 >0 and Y 1 <0, where B X1 <0 and B X1 >0, respectively. We must select an appropriate one of the two Y 10 values corresponding to the side on which the spacecraft pass the torus. By defining Y 10 in this way, p y gives the distance normalized by r m0 from the torus axis to the spacecraft measured on the Y 1 −Z 1 plane. Finally, we calculate X 1 (0) and the expansion rate of the torus, E, in a similar way to the case of a cylinder model The latitude (θ n ) and longitude (φ n ) angles of a vector normal to the torus plane. c (p y , p z ), the position of the spacecraft track on the YZ plane, and p, the closest approach distance to the axis. d B T , a parameter determining the magnetic field intensity; see Sect. 3.2. e U T 0 , the velocity of MC at the time of encounter, and D f , the deceleration factor; see Eq. (10). f Increase in the torus minor radius in 48 h as a result of expansion. g The error estimating figure. * For these MC events, fitting was made with both R M and φ n fixed.
fitted torus is maintained in the range within 10 • . It is also seen that the minor radius r m0 decreases with an increase in R M . This change comes from the requirement that the spacecraft should traverse the MC during the same time interval with similar speeds. For 8 MC events, as described in Sect. 3, the fitting routine collapsed before the convergence could be attained, when R M was included as one of the free parameters to be determined by the least-squares method. Therefore, we calculated other parameters with a modified fitting routine with R M values fixed in the range of 0.3-1.2 AU. Through this procedure, we found the magnetic field variations calculated from the torus model becomes less sensitive to R M change for large R M values. This tendency may explain the reason why the fitting routine collapsed in those cases when R M is included as a free parameter. Table C1 presents the parameters obtained for 8 MCs from the torus fitting with fixed R M values of 0.3 and 1.2 AU. For these 8 MCs, the fitting routine could not attain convergence when R M was included as one of the free parameters (see the last part of Sect. 3). The minor radius r m0 decreases with an increase in R M , as has been seen in Fig. C1 , where the rate of change in r m0 is generally smaller than the rate of change in R M . It is also seen that the changes in the torus plane direction (θ n and φ n ) are generally small for changes in R M , in the range of 0.3-1.2 AU. Though the changes in the torus plane direction are not small for Events 16 and 17 in this range, we can see, by comparing with Table 2 , that the changes are small in the R M range of 0.6-1.2 AU. The fittings for Events 1 and 15 need a special comment. Because these cases involved a spacecraft passage near the apex of the MC loop, the torus model of any direction can yield similar field variations, in as much as the local orientations of the torus at the spacecraft passage are similar. Therefore, we executed the fitting routine with one parameter (φ n ) fixed to be consistent with the value obtained for R M =0.6 AU.
